TiO 2 thin films and TiO 2 nanotube arrays were fabricated on Si and quartz substrates by atomic layer deposition (ALD) with the application of anodic aluminum oxide (AAO) template at 400 • C. In particular, the thickness of the film and the wall thickness of the nanotubes can be controlled precisely using ALD technique. The photoluminescence (PL) characteristic of TiO 2 thin films was improved with increased thickness. However, for TiO 2 nanotube arrays, with the decrease of the wall thickness, higher PL intensity was obtained. Compared TiO 2 thin film with TiO 2 nanotube arrays, TiO 2 nanotube arrays exhibited a better performance on PL characteristic due to larger surface area. Owing to larger amount of oxygen vacancies on the surface, compared with the volume factor, surface area was a more important factor that affected the performance of PL characteristics. Therefore, when the volume of TiO 2 nanotube arrays became smaller, the ratio of surface area to volume was increased and the influence from the surface area became the dominating factor on the performance of the PL characteristics. Due to their unique physical and chemical properties, nanostructured materials have attracted considerable number of interests in recent years.
Due to their unique physical and chemical properties, nanostructured materials have attracted considerable number of interests in recent years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Among them, TiO 2 nanostructures have become one of the most promising materials for the application of optoelectronic devices due to the following characteristics: variety of growing methods, a high melting point of 1855
• C, high thermal and chemical stability at high temperatures, a wide and indirect band-gap semiconductor, high photo-conversion efficiency and photo-stability. Because of these excellent optical properties, TiO 2 has been utilized in many applications including field emitters, 11 dye sensitized solar cells, 12, 13 photocatalysis, 14, 15 photoelectrochemical water splitting, 16, 17 photoelectrochemical generation of hydrogen, 18 photodetectors 19 and gas sensors. 20 In 1972, Fujishima and Honda 21 reported that water can be decomposed directly by irradiating TiO 2 surface with the incident light of wavelengths shorter than 190 nm. In 1991, M. Grätzel et al. 12 fabricated dye sensitized solar cells (DSSCs) using nanocrystalline porous TiO 2 as the electrode to convert solar light to electron-hole pairs. Furthermore, in order to enhance the optical application limited by the innate bandgap (3.2 eV), TiO 2 doped with N, 22 C 23 and S 24 have also been studied. Until now, most of the researches on TiO 2 material were focused on DSSCs, photocatalysis and the modification of material properties in the hope for it to absorb more solar light. Among the studies of optical characteristics of TiO 2 material, photoluminescence (PL) provides important information in understanding the influence of defect levels on the irradiation emission, especially at a material surface. 25 However, a systematic study of photoluminescence on surface condition and the comparison of 1-D and 2-D TiO 2 material are rarely performed, especially for various tubal nanostructures with different tube wall thicknesses.
In this study, we prepared 1-D TiO 2 nanotube arrays and 2-D TiO 2 thin films using AAO template and ALD technology at 400
• C in air environment. We then investigate the effect of the geometric nanostructure on the photoluminescence of irradiation emission for various film and tube wall thicknesses. The mechanism of the carriers transitioned from defect levels to valence band is also discussed.
Experimental
To fabricate an AAO template, an Al film of 1 μm in thickness was deposited on P-type (100) silicon or quartz substrate by a thermal evaporation coater. After the fabrication procedure described in an earlier report 26 was performed, we obtained an AAO template possessing an average diameter of about 70 nm, a pore distance of about 95 nm, a height of about 750 nm, and nanopores with an aspect ratio z E-mail: chih@mail.nctu.edu.tw of 10.7. ALD technique was then employed to deposit TiO 2 onto AAO nanopores. Under the operating environment of 1.6×10 −1 Torr and 400
• C, Titanium tetrachloride (TiCl 4 ) and deionized (DI) water were used as the precursors for TiO 2 deposition. Pure Ar gas (99.999%) was used to carrier gas and purge gas, and the reaction is shown as the following:
The precursors were kept separately in a canister at 30 ± 1 • C and 25 ± 1
• C, and TiO 2 was deposited onto Si or quartz substrates with or without AAO template in a quartz tube reactor. Each deposition cycle consisted of eight steps, which included TiCl 4 reactant entry, pump-down, Ar purge, pump-down, H 2 O reactant entry, pump-down, Ar purge, and pump-down. Typical pulse time for the introduction of TiCl 4 and H 2 O precursors was 1 second. Ar purge time was also 1 seconds. In order to remove the residual reactants and by-products efficiently, 1s pump-down step was added after each step. The deposition cycles of 50, 100, 200, 300 and 700 cycles were chosen to produce TiO 2 thin films with different thicknesses or nanotubes with different wall thicknesses. After the deposition of TiO 2 nanotube arrays on AAO nanopores was completed, TiO 2 film on the top surface of the AAO was removed with mechanical polishing as shown in Figure 2 . Then the AAO template was selectively removed by a 0.4 wt% sodium hydroxide (NaOH(aq)) solution. Finally, the selfaligned, equal height and almost equal spaced TiO 2 nanotubes were successfully fabricated. 19 The nanostructures of the TiO 2 arrays and thin films were examined by a field-emission scanning electron microscope (FESEM, JSM-6500F) and a transmission electron microscope (TEM, JEM-2100F). UV-vis spectrometer (U-3500, Hitachi) was used to measure the light absorption characteristic at 325 nm wavelength for TiO 2 thin film and nanotubes on quartz substrates. Photoluminescence (PL) of TiO 2 nanostructures and thin films on silicon substrate was measured at room temperature, using a continuous beam of He-Cd laser of 325 nm wavelength as the excitation source. Figure 1 shows the TEM cross section of TiO 2 thin film with 50 to 700 deposition cycles. Based on the growth rate of 0.058 nm/cycle, the thickness was 6.6 nm, 8.1 nm, 12 nm, 18.2 nm and 41.1 nm with 50, 100, 200, 300 and 700 deposition cycles, respectively. Figure 1f is the high resolution TEM picture of Figure 1b after 100 deposition cycles, and from the picture, we observed a clear layer of crystalline TiO 2 grown on the top of the native oxide. Furthermore, the lattice spacing was 3.52 Å, which is the distance between (101) planes of the TiO 2 anatase phase. 27 This represents that the precursors, TiCl 4 and H 2 O, possessed enough energy to overcome the barrier height and form crystalline structures during the reaction at 400
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• C. In addition, after 100 deposition cycles, the grain size was 8.2 nm, same as the height of the thin film, 28 indicating that the grain size was increasing with increasing thickness of the film.
Figure 2a-2e shows that FESEM cross section of TiO 2 nanotube arrays on AAO templates after deposition cycles of 50, 100, 200, 300 and 700. As the deposition cycle was increased, the nanotube wall thickness was increased and the inner diameter of the nanopores was reduced. In addition, the inner diameter of nanopores seemed to be consistent from the top to the bottom of the nanotubes. It was 21.9 nm at the top and 22.1 nm at the bottom of the nanotubes with 100 deposition cycles, presenting just a minor difference. Figure 2f and the inset in the figure show the cross-sectional and plan-view SEM images of the TiO 2 nanotube arrays deposited at 200 cycles after the removal of the AAO, respectively. The nanotubes are vertical to the Si substrate, and no residual AAO template was observed. The average diameter of the nanotube is about 75 nm, the wall thickness is about 8.8 nm, and the height of TiO 2 nanotube array is about 550 nm. Because the mechanical strength for the tubular structure at cycles less than 100 is not strong enough to support the tubular structures after the removal of the AAO, 29 the PL tests for the tubular structures can be performed only in 700-300-and 200-cycle conditions. The result confirms the excellent capability for ALD to fill a hole with high aspect ratio because it can precisely control the wall-thickness of TiO 2 nanotube by cycle numbers due to its self-limiting reaction caused by the saturated surface adsorption of reactants. As a result, ALD can produce thin films with high uniformity and provides excellent step coverage. Based on the TEM pictures not shown here, 19 with the growth rate of 0.05 nm/cycle, the wall thicknesses of TiO 2 nanotube arrays were 3.0 nm, 5.3 nm, 8.5 nm, 15.2 nm and 30.7 nm for deposition cycles of 50, 100, 200, 300 and 700, respectively.
In the study of PL characteristic, there are two factors contributing to the intensity of the TiO 2 spectrum. One is called excitation emission, contributed from the transitions of electrons from the conduction band to the valence band, and possesses the wavelength of 388 nm lo- cated in the ultraviolet light region. 30, 31 The other is contributed from the defects inside the material, and it is the transitions of electrons from the defect energy level to the valence band, possessing the wavelength between 400∼600 nm located in the visible light region. [30] [31] [32] [33] According to the literature, 7,25 the possible defects that can contribute to PL characteristic are oxygen vacancies, titanium interstitials, impurities or defects in the crystal. Among them, the existence of oxygen vacancies is the most accepted source of emission for TiO 2 . 25, 32, 33 The two kinds of oxygen vacancies that can contribute to the PL characteristic in TiO 2 include F centers and F + centers. F center represents the neutral oxygen vacancy whereas F + center represents oxygen vacancy losing one electrons. The sub-bands contributed from the two kinds of oxygen vacancies, as shown in Figure 3 , are located at 465 nm and 525 nm in the PL spectrum, respectively. Figure 4 shows the PL spectra of TiO 2 thin films with 50, 100, 200, 300 and 700 deposition cycles. The sub-band of 488 nm contributed from the excitation emission was not observed because anatase TiO 2 is an indirect bandgap material, and most PL observed is attributed from the transitions of defects in TiO 2 . From the PL spectra, we also notice that PL intensity increases with film thickness. In other words, film thickness has a direct relationship with the PL intensity, even though the relationship between the two is not entirely linear as shown in Figure 5 . Nevertheless, Figure 5 shows that when the film thickness was increased, light absorption was also increased. Because more electron-hole pairs were generated by the light absorption of the thicker film, the probability of electrons transitioned from the defect energy levels to the valence band also increased, producing a higher PL intensity. Figure 6 shows the Gauss fitting of PL spectra contributed from oxygen vacancies for TiO 2 thin films with 200, 300 and 700 deposition cycles. The two sub-bands are located at 465 nm and 525 nm in the PL spectrum as mentioned earlier. The intensities of sub-bands decrease with the intensity of the PL spectrum. The detail summary of the PL intensity for the two sub-bands, calculated by the area under the spectra of TiO 2 thin films, is shown in Table I. As observed from  Table I , the intensity representing F center was decreasing at a very fast rate with decreasing deposition cycles. The intensity representing F+ center also had a similar trend, but was decreasing at a much slower rate. The ratio of the intensity for F center was 7.1:4.0:1.0 for 700, 300 and 200 deposition cycles whereas the ratio of the intensity for F+ center was 3.9:3.2:1.0 for 700, 300, and 200 deposition cycles. The intensity of F center decreased more rapidly than F+ center was due to the reason that the depletion region on the surface of thin films 34 only contained F+ center. When the thickness of the TiO 2 thin film was decreased, the number of F+ center on the surface was only reduced by a small amount. The number of F+ center and F center inside the bulk TiO 2 , however, was highly affected by the volume of thin films. This is because when the thickness of the film was reduced, the ratio of surface area to volume was increased. In other words, the value of F+/F became higher and the surface area factor became more important. Figure 7 shows the PL spectrum of TiO 2 nanotube arrays with 200, 300 and 700 deposition cycles at 400
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• C. Again, because anatase TiO 2 has an indirect bandgap, the intensity was only contributed from defect levels of oxygen vacancies. As shown in the spectra, TiO 2 nanotubes with 200 cycles seemed to have better PL performance. However, when we compare the absorption spectrum with the PL spectrum, we see that two spectrums had opposite trend. The absorbability of the nanotubes increased but PL intensity decreased with tube wall thickness. As observed in Figure 8 , TiO 2 nanotube arrays with 700 deposition cycles showed higher absorbability but lower PL intensity, whereas TiO 2 nanotube arrays with 200 deposition cycles had lower absorbability but higher PL intensity. According to the investigation of Wu et al. 35 on the PL spectra of ZnO nanorods and nanotubes, the tubular structure is advantageous to the optical characteristic because of the higher porosity and larger surface area. Therefore, even though both volume and surface area affect the performance of PL, when the trend of these two factors contradicts with each other, surface area dominates the performance of PL. The reason most likely stems from the fact that the surface area represents a discontinuity of atomic arrangement. Larger surface has higher number of surface defects thus higher number of oxygen vacancies [30] [31] [32] [33] 35, 36 that can contribute to higher intensity for the PL spectrum. Figure 9 shows the Gauss fitting of PL spectra of TiO 2 nanotube arrays with 200, 300 and 700 deposition cycles. As mentioned previously, the PL sub-bands contributed from F center and F+ center are located at 465 nm and 525 nm, respectively. The PL spectra of TiO 2 nanotubes arrays with 300 and 700 deposition cycles were composed of two sub-bands from oxygen vacancies. The PL spectrum of TiO 2 with 200 deposition cycles, however, only consisted of one sub-band at 525 nm. Based on the trend shown in Figure 9 , the PL intensity contributed from F center at 465 nm was decreased with decreasing deposition cycles. Finally, the sub-band represent F center was not observed with 200 deposition cycles. As mentioned earlier, F center and F+ center are located in the bulk of TiO 2 nanotube arrays, and the depletion region on the material surface only contains F+ centers. When the nanotube wall thickness was decreased, the number of F+ center on the surface did not decrease, but the number of F centers and F+ centers inside bulk TiO 2 was decreasing at a fast rate. Therefore, Figure 8 . The absorbance vs. area of PL intensity for TiO 2 nanotubes with different wall thicknesses. PL was measured at room temperature, using a continuous beam of He-Cd laser of 325 nm wavelength as the excitation source. Absorbance was measured at 325 nm wavelength. the total amount of F centers decreased more rapidly than the number of F+ centers, and eventually only F+ centers were observed as the wall thickness was decreased to a certain value as shown in Figure 9c . The detail summary of the PL intensity for the two oxygen sub-bands, calculated by the area under the spectra of TiO 2 nanotube arrays, is shown in Table II . The symbol S is the surface area ratio compared with 700 deposition cycles, and the symbol V is the volume ratio compared with 200 deposition cycles. Besides, based on the dimensions measured from the TEM and SEM images, the surface area and volume in various conditions were calculated. When the deposition cycles were decreased, or when the wall thickness was reduced, the ratio of surface area to volume was increased. The surface area then became a more important factor and resulted in higher value of F+/F. Figure 10 shows the PL spectra of TiO 2 nanotube arrays vs. TiO 2 thin film with 200 deposition cycles. TiO 2 nanotube arrays had a much higher PL intensity than the TiO 2 thin film, 35, 36 and the difference was as large as 53 times. If we perform the analysis between the surface areas and the volumes, the surface area of nanotube arrays vs. thin film was 28.1 whereas the volume ratio of nanotubes vs. thin film was 9.9. We can therefore conclude that nanotube arrays have better PL performance than thin films.
Conclusions
In summary, TiO 2 thin films and self-aligned TiO 2 nanotubes were fabricated using ALD technique and AAO templates on Si and quartz substrates. Growth rate of TiO 2 thin film was 0.058 nm/cycle and that of TiO 2 nanotube wall was 0.050 nm/cycle. In particular, by controlling the amount of deposition cycles, the thickness of the film and the wall thickness of the nanotubes can be controlled precisely. For TiO 2 thin film, better PL performance was observed as we increased the deposition cycles and thicknesses. On the contrary, for TiO 2 nanotube arrays, better PL performance was observed for lower deposition cycles and thinner nanotube walls. Both volume and surface area affected the intensity of PL spectrum. However, when the two factors contradicted with each other, surface area became the dominant factor because oxygen vacancies on the surface were the main contribution to the PL characteristic. Therefore, when the amount of materials was decreased, the ratio of surface area to volume was also increased, and the surface factor becomes a more important characteristic to a material's optical properties.
